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Gut-Derived Mesenteric Lymph but not Portal
Blood Increases Endothelial Cell Permeability and
Promotes Lung Injury After Hemorrhagic Shock
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Objective

To determine whether gut-derived factors leading to organ
injury and increased endothelial cell permeability would be
present in the mesenteric lymph at higher levels than in the
portal blood of rats subjected to hemorrhagic shock. This hy-
pothesis was tested by examining the effect of portal blood
plasma and mesenteric lymph on endothelial cell monolayers
and the interruption of mesenteric lymph flow on shock-in-
duced lung injury.

Summary Background Data

The absence of detectable bacteremia or endotoxemia in the
portal blood of trauma victims casts doubt on the role of the
gut in the generation of multiple organ failure. Nevertheless,
previous experimental work has clearly documented the con-
nection between shock and gut injury as well as the concept
of gut-induced sepsis and distant organ failure. One explana-
tion for this apparent paradox would be that gut-derived in-
flammatory factors are reaching the lung and systemic circu-
lation via the gut lymphatics rather than the portal circulation.

Methods
Human umbilical vein endothelial cell monolayers, grown in
two-compartment systems, were exposed to media, sham-

shock, or postshock portal blood plasma or lymph, and per-
meability to rhodamine (10K) was measured. Sprague-Dawley
rats were subjected to 90 minutes of sham or actual shock
and shock plus lymphatic division (before and after shock).
Lung permeability, pulmonary myeloperoxidase levels, alveo-
lar apoptosis, and bronchoalveolar fluid protein content were
used to quantitate lung injury.

Results

Postshock lymph increased endothelial cell monolayer perme-
ability but not postshock plasma, sham-shock lymph/plasma,
or medium. Lymphatic division before hemorrhagic shock
prevented shock-induced increases in lung permeability to
Evans blue dye and alveolar apoptosis and reduced pulmo-
nary MPO levels. In contrast, division of the mesenteric lym-
phatics at the end of the shock period but before reperfusion
ameliorated but failed to prevent increased lung permeability,
alveolar apoptosis, and MPO accumulation.

Conclusions

Gut barrier failure after hemorrhagic shock may be involved in
the pathogenesis of shock-induced distant organ injury via
gut-derived factors carried in the mesenteric lymph rather
than the portal circulation.

Gut barrier failure, with the ensuing translocation of
bacteria and endotoxin from the gut, has been proposed as
a major contributor to the development of systemic infec-
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tion and multiple organ failure (MOF) after shock.! Evi-
dence of the association between gut injury and the subse-
quent development of a septic state and distant organ
failure*™* continues to increase. There are abundant clinical
and experimental data that trauma and hemorrhage are
associated with elevated systemic cytokine levels.”>™ In fact,
MOF, including acute lung injury, after hemorrhagic shock
appears to result from an overwhelming systemic inflam-
matory response driven by the release, activation, and in-
teraction of endogenous cytokines.®° Thus, gut-derived cy-
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tokinemia may serve as a signal that triggers, perpetuates,
and exacerbates the hypermetabolic and immunoinflamma-
tory responses observed after hemorrhagic shock. Many
animal'®~'? and human studies have documented that intes-
tinal permeability is increased in a number of circum-
stances, including shortly after thermal injury,'? in healthy
volunteers receiving a single dose of LPS (lipopolysaccha-
ride) ,'* and in trauma victims who arrive at the emergency
room in shock.'> However, recent clinical studies in victims
of major trauma'®!” have questioned the clinical relevance
of gut-origin sepsis and the role of the gut as an organ
responsible for the development of MOF. In these studies,
researchers failed to document the presence of detectable
bacteria in either the portal blood'® or the mesenteric lymph
nodes'” of trauma victims, including several patients in
whom systemic infections or MOF subsequently developed.
One possible explanation for this apparent controversy is
that gut ischemia can induce gut-associated lymphoid tissue
(GALT) to produce and release cytokines, even in the
absence of detectable portal bacteremia—that is, gut-origin
sepsis may be mediated by factors carried in the mesenteric
lymph rather than the portal blood.'®2° Also, because the
lung is the first vascular bed exposed to mesenteric lymph,
shock-induced lung injury may be secondary to either the
toxic properties of mesenteric lymph acting directly on
endothelial cells or lymph-mediated endothelial cell-neu-
trophil interactions.

In this context, then, we tested the hypothesis that mes-
enteric lymph generated after hemorrhagic shock will in-
crease endothelial cell permeability and contribute to lung
injury. This hypothesis was tested by examining the effect
of mesenteric lymph and portal blood on endothelial cell
monolayer permeability and by determining whether inter-
ruption of mesenteric lymph flow reduces shock-induced
lung injury.

MATERIALS AND METHODS
Animals

Specific pathogen-free male Sprague-Dawley rats (Tac-
onic Farms, Germantown, NY) weighing 350 to 450 g were
housed under barrier-sustained conditions and kept at 25°C
with 12-hour light/dark cycles. The rats had free access to
water and chow (Teklad 22/5 Rodent Diet W-8640, Harlan
Teklad, Madison, WI). All rats were maintained in accor-
dance with the recommendations of the “Guide for the Care
and Use of Laboratory Animals,” and the experiments were
approved by the New Jersey Medical School Animal Care
Committee.

Human Umbilical Vein Endothelial Cell
Permeability

Human umbilical vein endothelial cell (HUVEC; Clonet-
ics, San Diego, CA) monolayers were exposed to lymph and
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Figure 1. HUVEC permeability assay using the Costar transwell sys-
tem. After monolayer confluence is achieved, medium alone or medium
containing sham-shock portal vein plasma, postshock portal vein
plasma, sham-shock lymph, or postshock lymph is placed in the apical
chamber and incubated for 1 hour. A 0.05% solution of 10K dextran
rhodamine is then added to the apical chamber. After 5 hours of com-
bined incubation, the amount of rhodamine present in the basal cham-
ber is determined spectrophotometrically.

portal blood plasma, and the permeability of the monolayers
was assessed by measuring the movement of a rhodamine
(10K) probe across the monolayer as follows. HUVECs
were grown in completed media supplied by Clonetics
according to the company recommendations in a 95% air,
5% CO, incubator at 37°C. All HUVEC experiments used
cells between the third and tenth passage.

HUVECs were seeded at 20,000 cells per insert (area =
0.33 cm?) on type I rat-tail collagen-coated membranes
(pore size, 3 wm) contained on the apical chamber of a
transwell system (Costar, Cambridge, MA) (Fig. 1). When
the monolayers had become confluent (72 hours after seed-
ing), they were incubated with media (n = 4), sham-shock
portal vein plasma (n = 4, diluted 1:10), postshock portal
vein plasma (n = 4, diluted 1:10), sham-shock lymph (n =
4, diluted 1:10), or postshock lymph (n = 4, diluted 1:10)
for 1 hour. At this point, a 0.05% solution of 10K dextran
rhodamine (Molecular Probe, Eugene, OR) was added to the
apical chamber of the transwell system. After 5 hours of
combined incubation (plasma or lymph plus probe), the
medium in the basal chamber was removed and the amount
of dextran rhodamine present was determined spectropho-
tometrically at 570 nm.

Shock Model

The rats were anesthetized with pentobarbital (50 mg/kg)
and the femoral artery was isolated using aseptic techniques
and cannulated with polyethylene (PE-50) tubing (0.023 ID,
0.038 OD) containing 0.1 ml of heparinized saline (10
units/cc).2! The catheter was attached in line to a blood-
pressure recorder (Grass Model 79E Data Recorder,
Quincy, MA), which was used to monitor the animals’
blood pressure continuously during the shock period. Next,
aseptic cannulation of the internal jugular vein was per-
formed using a 50-gauge silicone catheter. Blood was with-
drawn from the internal jugular vein into a syringe contain-
ing 10 units of heparin suspended in 0.3 ml of 0.9% normal
saline solution to prevent clotting. The mean arterial pres-



520 Magnotti and Others

sure was reduced to 30 mmHg and maintained at this level
for 90 minutes by withdrawing or reinfusing shed blood
(kept at 37°C) as needed. Rectal temperature was monitored
throughout the shock period and maintained at approxi-
mately 37°C. A heat lamp positioned over the animal was
used to prevent hypothermia. At the end of the shock period,
the animals were resuscitated by reinfusing all the shed
blood. The sham-shock rats were anesthetized and their
femoral arteries were cannulated, but no blood was with-
drawn or infused.?

Division of Mesenteric Lymphatics

A midline celiotomy incision was made and the efferent
mesenteric lymphatic vessel identified (adjacent to the su-
perior mesenteric artery) by reflecting the loops of intestine
to the left of the animal with moist gauze swabs. Next, the
lymphatics were divided with visible confirmation of free
flow of lymph into the peritoneal cavity. A sterile gauze was
placed in the peritoneal cavity to collect the lymph. At this
point, the celiotomy incision was closed and the animal
subjected to sham or actual shock. In one group, lymphatic
division was performed after the sham or actual shock
period. Regardless of the timing of lymphatic division, all
animals underwent a 3-hour recovery/reperfusion period.

Lung Permeability

After a 3-hour recovery period, all animals were injected
with 10 mg of Evans blue dye through the internal jugular
catheter. After 5 minutes (allowing complete circulation of
the dye), a blood sample (1.5 ml) was withdrawn from the
femoral artery catheter. This blood sample was centrifuged
at 1500 rpm at 4°C for 20 minutes, and the resultant plasma
was serially diluted to form a standard curve. Twenty min-
utes after injection of the dye, all rats were killed and the
lungs harvested. Bronchoalveolar lavage was performed on
the excised lungs using normal saline. Five milliliters of
normal saline was instilled, rinsed in and out three times,
and collected. The lavage was repeated three times. The
combined recovered bronchoalveolar fluid (BALF) was
consistently 12.5 ml or greater. The BALF was then centri-
fuged at 1500 rpm at 4°C for 20 minutes to remove any
cells, and the supernatant fluid was assayed spectrophoto-
metrically at 620 nm for dye concentration.?*> The concen-
tration of Evans blue dye in the BALF was then plotted on
the standard curve, and the percentage relative to that
present in the plasma was determined.

Quantitation of Alveolar Apoptosis

After the bronchoalveolar lavage, one lung was frozen at
—70°C until the myeloperoxidase (MPO) assay could be
performed, and the second lung was fixed in 10% formalin,
processed, and embedded in paraffin. Four-micrometer sec-
tions were cut and stained for apoptosis using the TUNEL
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method. The TUNEL assay was performed using the TACS
In Situ Apoptosis Detection Kit (Trevigen, Gaithersburg,
MD). In brief, tissues were dewaxed and rehydrated and
then incubated with Proteinase K for 12 minutes at room
temperature. The slides were then treated with 3% hydrogen
peroxide for 5 minutes at room temperature to inactivate
endogenous peroxidase, rinsed with labeling buffer, covered
with Klenow plus dNTP (nucleotide mix), and incubated in
a humidified chamber at 37°C for 1 hour. The reaction was
terminated by transferring the slides to Stop Buffer solution
(at room temperature) for 5 minutes. After washing the
slides with phosphate-buffered saline, they were covered
with streptavidin—horseradish peroxidase detection solution
and incubated in a humidified chamber at room temperature
for 20 minutes. Subsequently, the slides were rinsed with
phosphate-buffered saline and developed with diaminoben-
zidene (Stable DAB, Research Genetics, Huntsville, AL)
for 8 minutes at room temperature, then rinsed and coun-
terstained with methyl green. Apoptotic cells in 20 different
high-power fields were counted by a single blinded observer
using light microscopy at 400X magnification. The mor-
phologic characteristics of the apoptotic cells included chro-
matin condensation, separation of the cell from surrounding
cells, cell shrinkage, and formation of apoptotic bodies.?*

Myeloperoxidase Assay

The previously frozen lung tissue was homogenized for
30 seconds in 4 ml of 20 mM potassium phosphate buffer,
pH 7.4, and centrifuged for 30 minutes at 40,000g at 4°C.
The pellet was resuspended in 4 ml of 50 mM potassium
phosphate buffer, pH 6, containing 0.5 g/dl hexadecyltrim-
ethyl ammonium bromide. Samples were sonicated for 90
seconds at full power, incubated in a 60°C water bath for 2
hours, and centrifuged. One tenth of a milliliter of the
supernatant was added to 2.9 ml of 50 mM potassium
phosphate buffer, pH 6, containing 0.167 mg/ml O-dianisi-
dine and 0.0005% hydrogen peroxide. Absorbance of 460
nm of visible light (A ,4,) was measured for 3 minutes. MPO
activity per gram of lung tissue was calculated as follows:
MPO activity (units/g tissue) = (8A,40 X 13.5)/lung weight
(g), where 6A 44, equals the rate of change in absorbance at
460 nm between 1 and 3 minutes. The coefficient 13.5 was
empirically determined such that 1 unit of MPO activity is
the amount of enzyme that will reduce 1 wmole peroxide
per minute.?’

Bronchoalveolar Fluid and Plasma
Protein Assay

The total protein content (g/dl) of both the BALF and the
plasma (sham-shock, hemorrhagic shock, lymphatic division
immediately before hemorrhagic shock, and hemorrhagic
shock followed by lymphatic division) was determined using a
hand refractometer (Milton Roy, Rochester, NY).
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Experimental Design

The first set of experiments were performed to assess the
effects of mesenteric lymph and portal vein plasma from
shocked and sham-shocked rats on endothelial cell perme-
ability using 10K rhodamine red as the permeability probe.
Mesenteric lymph was obtained by cannulating the efferent
mesenteric lymphatic channel that exits the mesenteric
lymph node complex, as previously described. In this ex-
periment, HUVEC monolayers, grown in two-compartment
systems, were exposed to medium, mesenteric lymph, or
portal blood plasma (diluted 1:10) obtained from rats 6
hours after the induction of an episode of sham-shock or
hemorrhagic shock (30 mmHg for 90 minutes). Endothelial
cell permeability was quantitated by measuring the amount
of rhodamine red that crossed the monolayer.

The second group of experiments tested whether division
of the mesenteric lymphatics, either before or immediately
after an episode of hemorrhagic shock, would prevent or
reduce shock-induced pulmonary injury. Rats, anesthetized
with 50 mg/kg of pentobarbital sodium given intraperitone-
ally, were placed into one of the following four groups:
sham shock (n = 8), hemorrhagic shock (n = 8, mean
arterial pressure 30 mmHg), lymphatic division immedi-
ately before hemorrhagic shock (n = 8), or hemorrhagic
shock followed by lymphatic division (n = 8). After a
3-hour recovery period, all animals received an intravenous
injection of 10 mg of Evans blue dye. Twenty minutes later,
the rats were killed, the lungs were harvested, bronchoal-
veolar lavage was performed, and BALF was analyzed
spectrophotometrically. The lungs were then fixed in for-
malin, processed, and embedded in paraffin. Sections of 4
um were cut and stained for apoptosis. Representative sam-
ples from each group were then examined for apoptosis by
counting the number of apoptotic nuclei in 20 high-power
fields. MPO activity was used to quantitate neutrophil se-
questration in the lung.

Statistical Analysis

All data were analyzed by analysis of variance with the
Tukey—Kramer multiple comparisons test. All data are ex-
pressed as the mean * standard deviation. Statistical sig-
nificance was considered to be reached at p = 0.05.

RESULTS

The permeability of the endothelial cell monolayers to the
10K rhodamine permeability probe was increased to the
greatest extent in the monolayers incubated with postshock
mesenteric lymph (Fig. 2). The postshock portal vein
plasma produced a small but significant increase in mono-
layer permeability, but the effect was much less than that
caused by postshock lymph. These results indicate that
postshock lymph has a greater effect on endothelial perme-
ability than does postshock portal vein plasma.
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Figure 2. Comparison of the effects of sham-shock (SS) and post-
shock (HS) portal vein plasma and mesenteric lymph on the permeabil-
ity of endothelial cell monolayers (n = 4 per group). Data are expressed
as mean percentage * SD of rhodamine that crossed the HUVEC
monolayer. *p < 0.01 vs. all other groups; tp < 0.05 vs. medium and
SS lymph.

Lung permeability to Evans blue dye was greatest in the
rats subjected to 90 minutes of hemorrhagic shock (Table
1). Division of the mesenteric lymphatics before the hem-
orrhagic shock episode completely prevented this increase
in pulmonary permeability. In contrast, lymphatic division
after the shock period but before reperfusion only partially
prevented the shock-induced increase in lung permeability.
There was no statistical difference in pulmonary permeabil-
ity between the shocked rats whose lymphatics were divided
before the shock episode and the sham-shocked animals.

Because MPO levels are a reliable and quantitative
marker for neutrophil accumulation in tissues,?® pulmonary
MPO levels were used to assess the degree of pulmonary
neutrophil infiltration. Lung MPO levels were significantly
higher in the shocked rats than in the sham-shocked rats
(Table 2). Preshock lymphatic division reduced pulmonary
MPO accumulation to a greater extent than postshock lym-
phatic division. Although both preshock and postshock lym-
phatic division reduced pulmonary neutrophil sequestration,
neither fully prevented the shock-induced increases in lung
MPO (see Table 2).

Table 1. EFFECT OF PRE- AND POST
SHOCK LYMPHATIC DIVISION (LD) ON
LUNG PERMEABILITY

Group n % Evans Blue Dye in BALF
Sham shock 8 3.3%=09
Hemorrhagic shock 8 10.1 £ 1.9*

LD + shock 8 3410
Shock + LD 8 7.2 =08t

Data are expressed as mean + S.D. Statistical analysis was via ANOVA with
Tukey-Kramer Multiple Comparisons Test.

*p < 0.001 vs. all groups.

1 p < 0.001 vs. sham shock and LD + shock group.
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Table 2. EFFECT OF PRE- AND POST
SHOCK LYMPHATIC DIVISION (LD) ON
PULMONARY MYELOPEROXIDASE

Table 4. EFFECT OF PRE- AND POST
SHOCK LYMPHATIC DIVISION (LD) ON
BALF PROTEIN CONTENT AND

ACTIVITY BALF/PLASMA PROTEIN RATIO
Group n MPO Activity (Units/gm tissue) BALF Protein BALF/Plasma
Group n (gm/dl) Protein Ratio
Sham shock 8 10.0 £ 1.6
Hemorrhagic shock 8 204 x 2.4* Sham shock 8 1.3x0.2 0.15 = 0.02
LD + shock 8 13.3 = 0.9t Hemorrhagic shock 8 21 x£0.1" 0.36 = 0.03*
Shock + LD 8 15.8 = 1.6% LD + shock 8 1.3+ 0.1 0.16 = 0.01
Shock + LD 8 1.6 £ 0.2t 0.24 + 0.02t

Data are expressed as mean * S.D. Statistical analysis was via ANOVA with
Tukey-Kramer Multiple Comparisons Test.

*p < 0.001 vs. all groups.

1 p < 0.01 vs. sham shock group.

} p < 0.001 vs. sham shock and < 0.05 vs. LD + shock group.

The incidence of alveolar apoptosis increased signifi-
cantly in the rats subjected to 90 minutes of hemorrhagic
shock versus both sham-shocked and shocked animals
whose mesenteric lymphatics had been divided before the
shock period (Table 3). Lymphatic division before the
shock period completely prevented shock-induced alveolar
apoptosis, whereas lymphatic division after the shock pe-
riod only partially reduced this increase in shock-induced
alveolar apoptosis.

After hemorrhagic shock, there was a significant increase
in both the total protein content of the BALF as well as the
BALF/plasma protein ratio (Table 4). Division of the mes-
enteric lymphatics before the shock episode completely
prevented the shock-induced increase in BALF protein con-
tent. As was true of lung permeability as measured by Evans
blue dye, postshock lymphatic division reduced but failed to
prevent the shock-induced increase in the BALF protein
content.

DISCUSSION

Although there is abundant clinical and experimental
evidence documenting the connection among shock, gut

Table 3. EFFECT OF PRE- AND POST
SHOCK LYMPHATIC DIVISION (LD) ON
ALVEOLAR APOPTOSIS

Group HPF # Apoptotic Nuclei/HPF
Sham shock 80 1.1 %210
Hemorrhagic shock 80 4.6 *2.3*
LD + shock 80 1.0x09
Shock + LD 80 2.6 £ 0.9t

HPF = high power field.

Data are expressed as mean * S.D. Statistical analysis was via ANOVA with
Tukey-Kramer Multiple Comparisons Test.

*p < 0.001 vs. all groups.

t p < 0.001 vs. sham shock and LD + shock group.

BALF = bronchoalveolar fiuid

Data are expressed as mean * S.D. Statistical analysis was via ANOVA with
Tukey-Kramer Multiple Comparisons Test.

*p < 0.001 vs. all groups.

1 p < 0.001 vs. sham shock and < 0.01 vs. LD + shock group.

1 p < 0.001 vs. sham shock and LD + shock group.

injury, and the subsequent development of distant organ
failure,'?”?® the possibility that gut-derived cell-injurious
factors are reaching the lung and systemic circulation via
the intestinal lymphatics has not been tested to any degree.
Not only does the gut-associated lymphoid tissue make up
the body’s largest lymphoid “organ,” but the intestinal im-
mune system is also continually exposed to potential proin-
flammatory stimuli.?® Because hemorrhagic shock is asso-
ciated with intestinal ischemia, loss of gut barrier function,
and subsequent bacterial translocation, it appears logical
that the level of GALT activation should also be increased.
In fact, our results support the hypothesis that after a non-
lethal but severe episode of hemorrhagic shock, gut-derived
factors are present in the mesenteric lymph to a much higher
extent than in the portal circulation, and that these factors
contribute to increased endothelial cell permeability and
shock-induced lung injury. This conclusion is based on the
following experimental observations. First, the in vitro stud-
ies demonstrated that postshock mesenteric lymph increased
the passage of the 10K rhodamine permeability probe across
HUVEC monolayers. Second, lymphatic division either
completely prevented or reduced (depending on the timing
of division) the shock-induced increases observed in lung
permeability, MPO accumulation, alveolar apoptosis, and
BALF protein content.

Hemorrhagic shock resulted in a significant and repro-
ducible increase in lung permeability, as measured by Evans
blue dye extravasation into the lung, that was approximately
threefold higher than that observed in the sham-shocked
animals. Lymphatic division before induction of the shock
state prevented this increase in lung permeability. Preshock
lymphatic division also prevented the increase in the inci-
dence of shock-induced alveolar apoptosis and the amount
of BALF protein. These complementary findings support
the concept that gut-derived lymph has a potential role in
the generation of postshock lung injury. One explanation for
this observation may be that during the shock period, the
ischemic gut produces or contains factors that, because of
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the loss of gut barrier function, are preferentially transported
via the lymphatic circulation. These factors are then carried
via the lymphatic route to the lung, which represents the first
vascular bed to be exposed to the mesenteric lymph. This
process then leads to an increase in alveolar apoptosis,
which in turn results in increased protein leak and lung
permeability. Thus, lymphatic division before hemorrhagic
shock prevents the subsequent transport of the factors pro-
duced during the period of gut ischemia. In contrast, divi-
sion of the mesenteric lymphatics at the end of the shock
period but before reperfusion reduces but does not prevent
these shock-induced changes. This is most likely secondary
to the fact that most of the factors that increase lung injury
are released during the shock period itself, with only a small
but measurable amount being released during the reperfu-
sion period.

The observation that pulmonary MPO activity increased
after hemorrhagic shock is consistent with similar models of
gut ischemia/reperfusion.'?7 Interestingly, lymphatic di-
vision, both before and after shock, failed to prevent the
observed increase in MPO accumulation seen with hemor-
rhagic shock. One possible explanation for this observation
may be that after mesenteric reperfusion, circulating neu-
trophils are primed either by direct interaction with the
endothelium of the injured gut or by inflammatory media-
tors released from the gut®® into the mesenteric lymphatics
or the portal circulation. Hence, the lymph is only partially
responsible for the activation and recruitment of pulmonary
neutrophils, thereby accounting for the greater decrease in
MPO accumulation seen with preshock lymphatic division
than postshock division.

The question then becomes what factors are in the lymph,
and how do they contribute to shock-induced lung injury.
Koike et al.*' demonstrated that mesenteric ischemia acti-
vated intestinal phospholipase A,, resulting in neutrophil
priming and subsequent lung albumin leak. Rats, subjected
to 45 minutes of intestinal ischemia and 6 hours of reper-
fusion, showed evidence of phospholipase A, activation
during the ischemic insult and circulating neutrophil prim-
ing 1 hour after reperfusion. Exaggerated albumin lung leak
occurred after 2 hours of reperfusion, whereas treatment
with a phospholipase A, inhibitor within 15 minutes of
reperfusion diminished subsequent neutrophil priming and
lung leak. In another model,** mesenteric lymph produced
after hemorrhagic shock was found to contain elevated
levels of both interleukin-6 and tumor necrosis factor. In
fact, when compared with both portal and systemic blood,
lymphatic cytokine levels were consistently higher, espe-
cially in the rats subjected to the longest periods of hemor-
rhagic shock. Finally, Olofsson et al.,>> using a partial gut
ischemia model in rats, demonstrated that the development
of systemic endotoxemia paralleled the appearance of en-
dotoxin in thoracic duct lymph, and endotoxin was identi-
fied in the lymph before significant portal endotoxemia.

Consequently, from the results of the present study, one
possible and plausible mechanistic sequence from gut injury
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(ischemia/reperfusion) after hemorrhagic shock to lung in-
jury involves:

1. Elaboration of proinflammatory mediators from the gut

2. Subsequent transport of these mediators into the lung
via the intestinal lymphatics

3. Induction of alveolar apoptosis

4. Lung injury.

CONCLUSIONS

The concept that the lymphatic route is the major route by
which gut-derived factors reach the systemic circulation is
supported by several lines of evidence. First, we know from
many animal studies that the primary route of bacterial
translocation is via the mesenteric lymph, and that the
mesenteric lymph is the first and frequently the only tissue
to contain translocated bacteria.>? Second, multiple differ-
ent experimental models,>>* including a model of gut
ischemia, reveal significantly elevated levels of gut-de-
rived endotoxin in the thoracic duct before its subsequent
detection in the portal circulation. Finally, studies involving
trauma patients demonstrate increased evidence of bacterial
translocation in culture-negative mesenteric lymph nodes
through the detection of B-galactosidase®® and electron mi-
croscopic evaluation of the mesenteric lymph node.>” Thus,
intestinal bacteria do not need to reach the portal circulation
to induce a systemic inflammatory state. Instead, loss of gut
barrier function to bacteria (or endotoxin), especially if
coupled with gut injury, could produce a local intestinal
inflammatory response and lead to the subsequent liberation
of cytokines from the GALT. Further, because the biologic
effects of bacteria and endotoxin are mediated primarily by
host-derived responses, bacterial translocation may be in-
volved in the pathogenesis of the systemic inflammatory
state and distant organ injury via activation of the GALT,
despite the absence of detectable portal bacteria. If this is
the case, it would not be necessary to recover bacteria from
either the portal or systemic circulation for gut injury to
contribute to a systemic inflammatory state and distant
organ injury.

The present study was carried out to test whether hem-
orrhagic shock can generate mesenteric lymph that in-
creases tissue permeability and results in organ (lung) in-
jury. The results of this study, documenting that postshock
mesenteric lymph increases endothelial cell monolayer per-
meability and that division of mesenteric lymph flow pre-
vents shock-induced lung injury, support this hypothesis.
Further studies will be required to elucidate the causative
factor carried in the mesenteric lymph.
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Discussion

DRr. PauL H. JorbaN, Jr. (Houston, Texas): Since your experi-
ment is dependent upon the inhibition of lymphatic flow, the
audience may be interested to know how this is done in animals so
that you know it is complete?

Dr. EpwIN A. DerrcH (Newark, New Jersey): There are two
ways of doing it. One is to put a cannula in the lymphatic and then
drain the lymphatic duct externally. The second way is what we
did here, which is to divide the lymphatic duct and let the lymph
accumulate within a gauze pad.

Dr. PauL H. JorpaN, JR. (Houston, Texas): So there is one
lymphatic in the animals that drains all the lymph from the abdo-
men.

Dr. EDWIN A. DerrcH (Newark, New Jersey): That is right. The
intestinal lymph drains through one common lymphatic channel
that exits at the confluence of the mesenteric lymph nodes.

Dr. Per-OLOF J. HasseLGREN (Cincinnati, Ohio): The study
addresses a clinically important question, that is, if and how
gut-derived factors can induce lung injury following shock. The
authors have convincingly shown that a factor or factors released
from the intestine and splanchnic bed following hemorrhagic



